The proximity effect in the collective behavior of arrays of magnetic nanostripes is currently a subject of intensive research. The imperative of reducing the size and distances between elements in order to achieve higher storage capacity, faster access to the information as well as low energy consumption, brings consequences about the isolated behavior of the elements and devices. Parallel to each other permalloy nanostripes with high aspect ratio have been prepared by nanolithography technique. The evolution of the closure domains and the magnetization direction in individual nanostructures has been imaged under applied magnetic fields using Variable Field Magnetic Force Microscopy. Moreover, the magnetostatic interactions between neighboring elements and the proximity effects in arrays of such nanostructures have been quantitatively analyzed by Magnetic Force Microscopy and micromagnetic simulations. The agreement between simulations and the experimental results allows us to conclude the relevance of those interactions depending on the geometry characteristics. In particular, results suggest that the magnetostatic coupling between adjacent nanostripes vanishes for separation distances higher than 500nm.
Introduction
The observation of spin dependent phenomena in the transport properties of ferromagnetic materials has been of crucial importance in the improvement of ultra-high density magnetic data storage systems. The observation of giant magnetoresistance in multilayered thin films [1] , [2] the spin valve effect [3] and the tunnel magnetoresistance [4] has enabled to multiply the capacity of hard disk drives and also to develop non volatile magnetic-based random access memories (M-RAM) [5] . All these phenomena and devices constitute the core of a new branch of Electronics called Magnetoelectronics or Metal Spintronics. All these devices, hard disks and MRAMs, are based on the information storage in independent magnetic units, bits or tunnel junctions respectively. In the last few years, new devices have been proposed, based on a completely different concept: information would be storaged in domain walls of ferromagnetic nanostripes in two new different architectures: domain wall logic [6] and racetrack-memories [7] . In this framework, the study of domain walls in permalloy (Ni 80 Fe 20 ) nanostripes has gained considerable interest in the last few years. Due to its magnetic properties (i.e., large magnetic moment together with vanishing both magnetostriction and magnetocrystalline anisotropy resulting in ultrasoft magnetic behavior and very low coercivity), Permalloy is an excellent playground to test the features of these new devices.
Plenty of literature can be found regarding dynamic magnetization processes [8] , [9] , [10] , domain wall pinning and propagation [11] , [12] , [13] , [14] and magnetization switching processes [15] , [16] , [17] , [18] , [19] of permalloy nanowires and nanostripes. Up to now, almost all the studies have been focused on the behavior of a single nanostripe or in a small collection of them whereas in real devices, high density of nanowires should be used in order to reach high storage density. When nanostripes are placed close to each other, the magnetic state of each nanostripe can affect that of its neighbors via magnetostatic interactions. Some studies can be found on the magnetic interactions between neighboring stripes on different materials as cobalt [20] , [21] , [22] , nickel [23] , [24] , iron [25] or Fe 3 Pt [26] . In these studies, the magnetic properties of cylindrical nanowires embedded on a nanoporous alumina membrane are mostly studied and the magnetic behavior is extracted from measurements in arrays of nanowires, using bulk magnetometry techniques, such as vibrating sample magnetometer (VSM) or superconducting quantum interference device SQUID, which yield averaged information over a macroscopic region. When dealing with nanostructures, this kind of measurement encompasses multitude of elements, making harder to reach a full understanding of the magnetization reversal process of each element individually. Magneto-optical Kerr effect (MOKE) magnetometry can be alternatively used as a local technique but its resolution is limited to the micrometric range.
Hysteresis loops on individual nanostructures [27] and arrays of them [28] [29] have also been utilized, being a valuable tool to adequately interpret the measurements.
Experimental
An array of permalloy nanostripes was grown by a combination of electron beam lithography (EBL), sputtering and lift-off processes, using silicon wafers as substrates. The nanostripes are 25 nm thick, 100 nm wide and 5 µm long. Both lateral and longitudinal distances between neighboring stripes are 500 nm.
The experimental characterization was performed at room temperature using a VF-MFM [30] from Nanotec Electrónica, under in plane magnetic fields applied either parallel or perpendicular to the main axis of the nanostructures. The same commercial Nanosensors PPP-LM-MFMR (k=3 N/m, f 0 =75 kHz) tip was used throughout the experiments.
Aiming for an accurate interpretation of the experimental results, micromagnetic simulations were carried out using the OOMMF code, using standard Permalloy parameters (M S =8.6·10 
Results and discussion
The high aspect ratio of the nanostripes is observed in the topographic image shown in figure   1 .a. The MFM picture in figure 1 .b was obtained in the remanent state, after saturating the sample parallel to the easy axis. A weak contrast is recorded along the stripes due to the single domain configuration, whereas the large divergence of the magnetization at the stripe ends causes a stronger interaction with the MFM tip (figure 1.c). MFM images in figure 1 show all of the stripes with their magnetization pointing along the shape-induced easy axis, parallel to each other, suggesting that a low magnetostatic coupling between neighboring stripes is present, since no influence in the magnetic state of the surrounding nanostructures is seen. In order to gain insight into such coupling, series of MFM experiments were carried out under external fields applied whether along the easy (longitudinal) or the hard (transversal to the longitudinal one) axis. The magnetization reversal process along the in-plane hard axis is presented in figure 2 . Figure   2 .a shows the remanent state after ex-situ saturation with 1 Tesla along the vertical direction in the images (see black arrow). The strong shape anisotropy causes the magnetization at remanence to point along the easy axis direction, forming a single domain configuration. In the case of perfectly symmetric stripes, there would be no preferential polarity for the single domains at remanence. However, every single misalignment of the external field will break the symmetry of the energy landscape and cause most of the domains to point along the same direction. We believe this is the reason why most of the stripes in figure 2.a have a parallel magnetization. In addition, a small misalignment of the in-situ magnetic field applied during the experiment is expected.
The contrast at the ends of the nanostructures becomes asymmetric under applied fields due to the development of closure domains (see figure 2.c). Furthermore, as the field is increased this contrast decreases significantly (see figure 2.d). Gradually, the magnetization rotates away from the longitudinal axis and a dipolar contrast can be observed along the hard axis for large magnetic fields (figures 2.e and 2.f). For a proper interpretation of the magnetization reversal process, we should be aware that the contrast in the images can also be influenced by eventual along its hard or easy axis. Note that, in the first case ( fig. 3.a) , a small misalignment was introduced in the saturating field, compared to the hard axis. Therefore, in order to break the symmetry of the system, a field component of 0.1 mT was applied along the easy axis when saturating the sample and removed thereafter. As a result, switching off the field lets the spins turn back to their easy axis (with a polarity defined by this 0.1 mT component), giving rise to an intense contrast at the ends of the stripes caused by closure domains. These closure domains evolve as the external field increases until a dipolar contrast can be seen along the transversal direction, for large fields. Due to the considerable energy expense that is required for the system to get magnetized along the hard axis direction, just a weak contrast is observed experimentally ( fig. 2 .e and 2.f) for the maximum applied fields. In the case of magnetic fields applied along the easy axis ( figure 3.b) , the nanostructure presents a single domain configuration for a large range of fields, including remanence, with the characteristic dark-bright contrast at the ends of the stripe. However, closure domains are formed close to the switching field, before two 180º domain walls nucleate at both ends and propagate along the stripe. Thus, these nanostripes reverse their magnetization abruptly by means of domain wall nucleation-propagation-annihilation processes, which are much faster than the scan speed of force microscopes and, therefore, out of our present scope. In figure 4 , a series of MFM images obtained under magnetic fields applied along the easy axis is presented.
A particular nanostructure has been highlighted as a guide for the eye in order to follow the collective evolution of the magnetic configuration of the whole array. Remarkably, no correlation was found between the magnetic state of one nanostructure and the one of its pointing parallel or antiparallel, with no apparent preference. On the other hand, the elements placed in front of a stripe can also be magnetized parallel or antiparallel, as seen in fig. 4 . Figure 4 . Sequence of (7 µm × 13 µm) MFM images obtained at different magnetic fields applied along the easy-axis of the nanostripes. A particular stripe has been highlighted, as a guide for the eye.
As seen above, experimental results are in good agreement with the simulated images in both configurations, so we can assume that the MFM contrast arises from the divergence of the magnetization in the sample. In the following, we will focus on the influence of neighboring nanostructures. In order to estimate what the critical distance might be, for which the magnetostatic interaction between neighbors becomes relevant and influence the magnetic behavior of the single elements, arrays of permalloy planar wires with variable separation distances were simulated. To achieve reasonable computation times, the length of these nanostripes has been reduced down to 1 µm, whereas both width and thickness were kept constant at 100 nm and 25 nm, respectively. Nevertheless, no significant difference on the magnetic behavior of individual nanostripes is expected, provided that we still keep a large aspect ratio. Both longitudinal and transversal separation distances among neighboring wires were varied, in order to estimate the critical length for which the dipole-dipole interaction becomes negligible. Although simulations with a large number of different distances were carried out, only the most significant cases are presented here.
For large enough distances, magnetization reversal processes taking place in each wire should be equivalent and analogous to those of an isolated single stripe. This is the case for stripes Due to size restrictions in this paper, only two steps of the process are shown. However, stripes within each row reversed its magnetization one at a time, being those placed at the center of the image the last ones to do it. In addition, the magnetostatic coupling along the longitudinal axis was checked. Stripes placed far enough from each other act as independent structures until the longitudinal separation decreases below 500 nm, where they start behaving as single elements with domain walls "jumping" between neighboring wires (figure 6.a). In this case, domain walls nucleate at the free ends of the outermost stripes and propagate inwards all along the wires until they annihilate at the opposite stripe side, inducing instantly the formation of a domain wall in the contiguous end of the neighboring nanostructure. Thus, domain walls "jump" from stripe to stripe, yielding every column of wires a single-element-like behavior. Interestingly, the experimental case shown in the previous section lies in the boundary of an eventual magnetostatic coupling, as predicted by the simulations. The weakness of this coupling is reflected in figure 6 .b, where a mixture of the explained scenarios can be observed. On the one hand, domain walls originate at the outermost edges, propagating and inducing the switching in the neighboring structures. On the other hand, these walls do not "jump" between stripes since, close before they reach the opposite end of the stripe, a second series of domain walls originates right there and start propagating to the opposite direction. This second set of walls is responsible for inducing the switching process in the neighboring wires. As a result, simulations suggest that 500 nm is the critical separation distance for the permalloy stripes to be magnetostatically coupled, both in the longitudinal and transverse directions.
Conclusions
The magnetization reversal process in arrays of high aspect ratio Permalloy nanostripes was investigated in parallel by magnetic force microscopy imaging and micromagnetic simulations.
The following conclusions can be outlined: (i) as expected from the dominant longitudinal shape anisotropy, the stable remanent magnetic state of the stripes consists of an axial single domain structure. Applying external fields allows to observe the formation of closure domains;
(ii) the separation distances between neighboring stripes (500 nm) is enough to overcome the magnetostatic coupling and avoid a multistripe character of the whole array; (iii) micromagnetic simulations predict the critical distance for the onset of magnetostatic coupling between neighboring elements to be around this distance, i.e. 500 nm; (iv) simulations predict stripes with a small longitudinal separation to behave as single elements, with domain walls nucleating at the outermost ends of the array, propagating and "jumping" between stripes.
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